peaks and that of IF I in the Rphase regime decrease after the dehydrogenation treatment at 600°C for 6 h in a vacuum furnace, due to pinning of the twin boundaries by hydrogen atoms. However, the hydrogen pinning effect is small for IF I in B2 phase and B19A martensite. Ti 50 Ni 50¹x Fe x SMAs with x = 2 and 3 at% have quite good (IF PT + IF I ) R¼19A tan ¤ values (> 0.035), but their low transformation temperatures may restrict their use in practical highdamping applications.
Introduction
Shape memory alloys (SMAs) that undergo thermoelastic martensitic transformation show unique properties, such as the shape memory effect and superelasticity. 1) Numerous studies have revealed that SMAs also exhibit high-damping properties during martensitic transformation and are effective for energy dissipation applications. 25) SMAs normally exhibit an internal friction peak (IF Total peak) at the martensitic transformation temperature, and the damping capacity is closely related to experimental parameters, such as the temperature change rate (cooling/heating rate), frequency, and applied strain amplitude. 2, 6) The IF Total peaks of SMAs typically consists of three individual terms; that is, IF Total = IF Tr + IF PT + IF I .
68) The first term, IF Tr , is the transient internal friction, which appears only at a low frequency and non-zero temperature change rate. The second term, IF PT , is the inherent internal friction corresponding to phase transformation, which is independent of the temperature change rate. The third term, IF I , is the intrinsic internal friction of the austenitic or martensitic phase, and it depends strongly on microstructure properties such as dislocations, vacancies, and twin boundaries. The IF Total peak observed during martensitic transformation is mainly ascribed to the IF Tr , but when the alloy is kept isothermally at a set temperature during martensitic transformation, the damping capacity of IF Tr typically decreases and only the peaks of IF PT + IF I remain. 9) Thus, the damping capacities of IF PT and IF I are more important than that of IF Tr because highdamping SMAs are generally used at a steady temperature rather than at a constant temperature change rate.
TiNi-based alloys are the most important and practical SMAs, having excellent mechanical properties. 1) Ti 50 Ni 50 SMA typically undergoes a B2 § B19A transformation sequence and exhibit good damping capacity during martensitic transformation. TiNi-based SMAs can also undergo a B2 § R § B19A two-stage martensitic transformation by cold-working or aging of a Ni-rich TiNi SMA to introduce dislocations or precipitates.
1) The formation of R-phase normally greatly softens the storage modulus of TiNi-based SMAs and improves the internal friction of the alloys. Chang and Wu 913) have systematically studied the damping characteristics of the inherent and intrinsic internal friction (IF PT + IF I ) of cold-rolled and annealed Ti 50 Ni 50 SMA, which undergoes a B2 ¼ R ¼ B19A two-stage martensitic transformation during cooling, by applying a dynamic mechanical analyzer (DMA) under isothermal conditions. According to their results, Ti 50 Ni 50 SMA exhibits IF PT + IF I peaks with an acceptable damping capacity during martensitic transformation, and it has IF I in the regimes of R-phase and B19A martensite. The damping capacity of (IF PT + IF I ) corresponds to the stress-assisted movements of martensite interfaces and the stress-assisted motions of twin boundaries in transformed martensite. 9) It has been reported that replacing some of the Ni in Ti 50 Ni 50 SMA with Fe to form Ti 50 Ni 50¹x Fe x SMAs can influence the transformation sequence. 14, 15) 
Experimental Procedures
The Ti 50 Ni 50¹x Fe x (x = 2, 3, and 4, in at%) SMAs used in this study were prepared using pure raw titanium (purity 99.99 mass%), nickel (purity 99.99 mass%), and iron (purity 99.98 mass%). The raw materials were re-melted using a conventional vacuum arc remelter to form Ti 50 Ni 50¹x Fe x SMAs ingots. Each as-melted ingot was hot rolled at 900°C into plates of about 2 mm thickness by a rolling machine (DBR150x200 2HI-MILL, Daito Seiki Co, Japan) and then solution heat-treated at 900°C for 1 h, followed by quenching in water. The surface oxide layer of the plate was removed using an etching solution of HF : HNO 3 : H 2 O = 1 : 5 : 20 in volume ratio. Each plate was then cut with a diamond saw into specimens with dimensions of 30.0 mm © 4.0 mm © 2.0 mm for DMA tests, and into segments of approximately 30 mg for differential scanning calorimetry (DSC) tests.
The martensitic transformation temperature and transformation enthalpy (¦H) of each Ti 50 Ni 50¹x Fe x SMA were determined using TA Q10 DSC under a constant cooling/ heating rate of 10°C/min. The tan ¤ and the storage modulus (E 0 ) values of each Ti 50 Ni 50¹x Fe x specimen were determined using TA 2980 DMA equipment fitted with a single cantilever clamp and a liquid nitrogen cooling apparatus. The experimental parameters used in DMA tests were set as follows: cooling rate = 3°C/min, frequency = 1 Hz, and applied strain = 8.0 © 10
¹5
. The (IF PT + IF I ) values of Ti 50 Ni 50¹x Fe x SMAs were investigated using DMA tests under isothermal conditions. The specimen was initially cooled from 150°C at a constant cooling rate of 3°C/min and then held isothermally for 30 min at the set temperature. Afterward, the specimen was heated to 150°C to ensure that it had returned to the B2 parent phase. Subsequently, the specimen was cooled to another set temperature and held isothermally for 30 min at that temperature.
Ti 50 Ni 48 Fe 2 SMA was selected to investigate the hydrogen pinning effect on the damping characteristics of the intrinsic internal friction (IF I ) exhibited in the regimes of B2 phase, R-phase and B19A martensite. The DMA specimen of Ti 50 Ni 48 Fe 2 SMA was loaded in a vacuum furnace, which was then evacuated to a high vacuum pressure of 2.6664 © 10 ¹6 Pa at room temperature using a turbo-pump. Thereafter, the specimen was heated to 600°C at a constant heating rate of 15°C/min and held at 600°C for 6 h to eliminate the hydrogen atoms in the specimen. During the heating process, the vacuum pressure of the furnace was decreased to 2.6664 © 10 ¹4 Pa. After the dehydrogenation treatment, the specimen was furnace cooled to room temperature. Fig. 2 , for which the cooling rate is set constantly at 3°C/min. Figure 2 (a) shows that Ti 50 Ni 48 Fe 2 SMA exhibits B2 ¼ R and R ¼ B19A internal friction (IF Total ) peaks in the cooling tan ¤ curve, which correspond to the B2 ¼ R and R ¼ B19A transformation peaks in the cooling DSC curve shown in Fig. 1(a) . The tan ¤ values of B2 ¼ R and R ¼ B19A IF Total peaks are determined to be approximately 0.060 and 0.157, respectively. Figure 2 (a) also indicates that the cooling storage modulus E 0 curve declines gently in the regime of the B2 parent phase, reaching a deeper minimum during B2 ¼ R transformation and a shallower minimum during R ¼ B19A transformation. After the R ¼ B19A transformation, the E 0 value of B19A martensite increases quickly as the temperature decreases. Figure 2( Figure 3 plots the tan ¤ value versus isothermal interval for Ti 50 Ni 48 Fe 2 SMA isothermally treated for 30 min at the IF Total peak temperatures of B2 ¼ R (µ¹10°C) and R ¼ B19A (µ¹70°C) shown in Fig. 2(a) . Figure 3 reveals that the tan ¤ value measured at the B2 ¼ R transformation temperature decreases as the isothermal interval increases, approaching a steady value of approximately tan ¤ = 0.022 after 10 min. was isothermally treated for 30 min at peak temperatures of B2 ¼ R (¹10°C) and R ¼ B19A (¹80°C) transformations shown in Fig. 2(a) . Fig. 2 , are measured at a constant cooling rate of 3°C/min and are also plotted in Fig. 4 for comparison. Figure 4 SMAs. This feature comes from the fact that the transformation strain associated with R ¼ B19A transformation is much greater than that associated with B2 ¼ R transformation. 21) In addition, there are abundant twin boundaries between the variants of Rphase and B19A martensite, which can easily move under the applied damping amplitude and thus dissipate the energy. 9) At the same time, the (IF PT + IF I ) R¼B19A peak exhibited a higher damping capacity than the (IF PT + IF I ) B2¼R peak is also due to the appearance of both R-phase and transformed B19A martensite during R ¼ B19A transformation, but only transformed R-phase can be obtained during B2 ¼ R transformation.
Inherent and intrinsic (IF PT
Also evident in Figure 6 (a) reveals that the tan ¤ values of B2 ¼ R and R ¼ B19A martensitic transformations both decrease after dehydrogenation. In addition, the tan ¤ value also decreases in the R-phase regime (in the temperature range of R f to M s ) after dehydrogenation; e.g., the tan ¤ value at ¹50.0°C decreases from 0.077 to 0.053, a decrement of approximately 30%. Fan et al. 17) reported that the ultrahigh damping exhibited in Ti 50 Ni 48 Fe 2 SMA comes from the relaxation peaks in the R-phase regime, wherein Rphase occupies most of the volume of the specimen. The twin boundaries in R-phase are very mobile, so the hydrogen atoms can pin twin boundaries and interact with them to promote the damping capacity. Therefore, the significant decrease in the tan ¤ value in the R-phase regime is due to the elimination of hydrogen atoms after dehydrogenation. R¼B19A peaks decrease after dehydrogenation. In addition, the IF I values in the B2 and B19A martensite regimes, i.e., in the temperature (T ) ranges of T > R f and T < M s , respectively, are almost identical before and after dehydrogenation, but that in the R-phase regime decreases after dehydrogenation; e.g., the tan ¤ value at ¹40.0°C decreases from 0.031 to 0.027, a decrement of approximately 12%. This feature indicates that there is no obvious hydrogen pinning effect on the damping capacities of B2 phase and B19A martensite, but the effect on that of R-phase is significant. In the B2, R-phase, and B19A martensite single-phase regimes, there is no martensitic transformation, so the IF PT is equal to zero and only the IF I exists, as indicated in Fig. 6(b) . It is well known that the B2 parent phase has no twin boundaries, and thus the hydrogen pinning effect is small. However, as can be seen in Fig. 6(b) , the hydrogen pinning effect in the B19A martensite regime (T < M f ) is also small. This characteristic may arise from the fact that the storage modulus E 0 value in the regime of B19A martensite is higher than those in the regimes of R-phase and B2 phase, as shown in Fig. 2(a) . At the same time, for the B19A martensite, the higher the E 0 value is, the lower the IF Total value is both before and after dehydrogenation, as shown in Fig. 6(a) . This feature implies that the movement of twin boundaries exhibited in B19A martensite becomes more difficult as the E 0 value increases. Figure 6 (b) also shows that the hydrogen pinning effect is significant in the R-phase regime. This characteristic may correspond to two factors. First, the E 0 value in the R-phase regime is not as high as that in the B19A martensite regime due to the deep E 0 minimum during B2 ¼ R transformation. Second, the twin boundaries could move more easily in the R-phase than in the B19A martensite because the {110} B2 twin planes in between the R-phase variants are close-packed planes. 22) Nevertheless, further detailed studies are needed to ascertain the mechanism of the hydrogen pinning effect on the IF PT and IF I of Ti 50 Ni 50¹x Fe x SMAs.
Conclusion
This study investigated the damping properties of Ti 50 -Ni 50¹x Fe x (x = 2, 3, and 4 at%) SMAs using DMA under a constant cooling rate of 3°C/min and under isothermal conditions. Both Ti 50 transformation has greater transformation strain and that both R-phase and transformed B19A martensite appear during transformation, but B2 ¼ R transformation has only transformed R-phase during transformation. 
